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Abstract 
A stochastic management tool is developed and applied in order to evaluate the worth of hydraulic conductivity data 
on the optimal restoration and quantitative management of the over-exploited aquifer of Lake Karla watershed in 
Greece. This tool consists of six models (one geostatistical, four simulation models and one management model) and 
combines the methodologies of: stochastic simulation-optimization, Bayesian analysis and the value of information 
analysis. The four simulation models (surface hydrology, reservoir operation, lake-aquifer interaction and 
hydrogeology) are interlinked in order to satisfy the needs of integrated simulation at the watershed scale. The 
heterogeneity and the lack of sufficient data of hydraulic conductivity create uncertainty on the hydraulic heads 
estimation. Monte Carlo realizations of hydraulic conductivity are being performed with the use of geostatistical tools 
and imported to the groundwater model to give multiple stochastic realizations of the aquifer. A Monte Carlo based 
optimization problem is then applied for each aquifer realization in order to determine the optimal aquifer’s 
restoration management strategy. Optimal strategy has been defined the one that combines the maximum possible 
volume of extracted groundwater and the optimal well’s position with the least financial cost, under the 
environmental constraint of restoring the aquifer water table. The hydrogeological uncertainty is being transformed 
into financial uncertainty through the optimization problem, as certain risks for the decision maker are being 
introduced. To avoid hydraulic head underestimation, a Bayesian decision analysis for the hydraulic conductivity data 
collection is being applied on each optimal solution. The worth of the new hydraulic conductivity data can be 
evaluated by quantifying the reduction of both hydrogeological and financial uncertainties. The results prove that 
there is a certain number of new hydraulic conductivity measurements up to which the profit by reducing financial 
uncertainty exceeds the measurement cost.  
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1. Introduction 
The combination of simulation and optimization techniques is the most appropriate method for 
groundwater management [1], as it takes into account the complex behavior of the groundwater system 
and determines the best management strategies [2]. This combination can be successfully achieved with 
the response matrix approach [3,4,5] regarding linear problems. The heterogeneity of the hydraulic 
conductivity parameter combined with the lack of relevant data, produce uncertainty in the simulation and 
thus in the optimization procedure, which creates in turn risks in decision making process [6,7,8,9,10,11]. 
To overcome this problem, the geostatistical approach has been widely applied for the stochastic 
simulation of the spatially variable hydraulic conductivity [12,13,14,15] generating equally probable 
Monte Carlo realizations. These realizations of hydraulic conductivity are imported to the groundwater 
model in order to create additional aquifer realizations. For the application of the selected optimization 
problem on the multiple aquifer’s realizations, the Monte Carlo stochastic optimization approach [16] 
could be used so as to find the optimal management strategies that the decision maker can follow. 
 Nowadays, the success of a sustainable groundwater management plan depends on these strategies 
that will give the best growth-economic effect with the smallest possible cost. That’s why many 
groundwater management studies, worldwide, incorporate financial factors in the optimization problems 
[17,18,19,20]. An innovative framework of applying optimum and sustainable strategies on groundwater 
management is the combination of stochastic optimization and the value of information analysis of the 
uncertain parameter [21]. Actually, the last is applied on every strategy that optimization procedure 
generated and reduces the parametric and financial uncertainty by collecting additional data from the field 
with the use of Bayesian updating [22].  
This study proposes an innovative framework containing all the above mentioned methodologies for 
the quantitative management of an over-exploited aquifer. The novelty of this work is that a simulation 
system has been developed in order to study the problem at watershed scale satisfying the principles of 
integrated modelling and the fact that the innovative combination of stochastic optimization and the value 
of information analysis is applied at a real large scale aquifer targeting not only to an optimum and 
sustainable groundwater management, but also to water table optimum restoration. 
2. Study Area 
The study area is Lake Karla watershed, located in eastern Thessaly of central Greece (Fig. 1). It is one 
of the most productive agricultural regions of Greece, with lack of surface water, after 1962, when Lake 
Karla was drained [23]. Information about climate, hydrology and geology can be found in Sidiropoulos 
et al. [23]. The growth of agricultural, which is based on water demanding cultivations, with the lack of 
any water management practices has led to a significant water table drawdown. Because of the lack of an 
irrigation network, the covering of the irrigation needs has been done by groundwater with the use of 
private pumps, most of them illegal. Lake Karla’s phreatic aquifer has an area of 500 km2 and occupies 
the lower part of the basin with the altitude ranging from 45 to 90 m. It consists of medium permeable 
grainy sediments such sand and clay, which are located in great depths. The basement rock consists of 
impermeable marbles and schist [24]. The east boundary is a no flow boundary because of marbles and 
schist presences, but a medium hydraulic contact is taken place to the west with the adjacent aquifer. The 
inflows are the recharge from rainfall, the irrigation return and the west boundary hydraulic conduct. The 
outflows of the groundwater system are occurred from pumping wells covering water needs for irrigation, 
water supply, husbandry and industry. Irrigation needs consume almost the 98% of the groundwater 
extracted volume. The mean annual renewable water reaches up the 37.3 hm3, while the mean annual 
extracted groundwater is about 131 hm3. This status has led to 80 m water table drawdown on the south 
side of aquifer for the historical period 1987-2012 [25]. 
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Fig. 1. Map of Lake Karla basin, indicating the aquifer, the reservoir, the observation wells, the hydraulic conductivity scatter data 
and the cross sections AA’, BB’. 
Nowadays, the greatest environmental project in Balkans is taking place in Lake Karla watershed. The 
project regards the reconstruction of Lake Karla with a set of accompanying projects such as collectors, 
under pressure irrigation network and others. Actually, the new Lake Karla is a reservoir of 38 km2, 
located at the lowest part of the basin and the surface water will cover the irrigation needs through the 
new irrigation network targeting to the closure of private irrigation wells. The reservoir will receive, 
during the wet period, the floods of Pinios River through ditch 2T and the runoff from surrounding 
mountains through the collectors (Σ3, Σ4, Σ6, Σ7). This study takes advantage of reservoir operation for 
the future management period. This operation was supposed to start form 01/2012 according to plans, but 
for delay reasons this has not been achieved yet. 
3. Materials and Methods 
3.1. Modeling System 
To satisfy the needs of integrated modeling, a modeling system has been formed and applied for the 
simulation of water resources at watershed scale. This system is structured by a series of inter-linked 
models which are: a hydrological model (UTHBAL), a reservoir operation model (UTHRL), a lake-
aquifer interaction model (LAK3) and a groundwater flow model (MODFLOW). The models have been 
calibrated for historical period and predict water resources response for the future management period. 
The results are in a monthly time step. More information about the modeling system can be found in 
Sidiropoulos et al. [25].  
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3.2. Stochastic simulation 
The heterogeneity and the lack of sufficient data of hydraulic conductivity are the main sources of 
uncertainty, which creates risk on decision making for groundwater management. To overcome this, the 
stochastic simulation of the parameter has been achieved with the use of geostatistical approach. 
Geostatistical Library (GSLIB) [26] was selected and the Sequential Gaussian Simulation (SGSIM) 
generated 100 conditioned equally probable realizations of hydraulic conductivity. Accepting second-
order stationarity [27,28], the random hydraulic conductivity field was assumed lognormal and 
conditioning was achieved using the fifteen sampling values as described by Journel [29]. A spherical 
theoretical semivariogram was selected to simulate the experimental one, given by the equation below: 
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The hydraulic conductivity realizations were imported to the groundwater model and forced it to run in a 
stochastic mode for the historical period (1987-2012). Graphs of Fig. 2 presents hydraulic heads of cross 
sections AA’ and BB’ for 01/1987 (starting heads) and 01/1997. Stochastic results of hydraulic heads of 
01/2012 are presented by box and whisker graphs to show an estimation of the uncertainty. 
 
 
 
Fig. 2. Height of land surface, hydraulic head values for 01/1987, 01/1997 and box and whisker graphs for 01/2012 of: a) Cross 
section AA’; b) Cross section BB’. 
3.3. Stochastic optimization 
The Monte Carlo based stochastic optimization method has been selected to solve the simulation-
optimization problem for each realization according to Wagner and Gorelick [16]. One hundred 
optimization problems were formulated, each one subjected to its own constraints and an equal number of 
optimum management strategies were generated. The formulation of the management problem is given by 
the following equations: 
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This year was selected as it is the last year when the non-renewable groundwater was not extracted. 
The objective equation 2 targets to the maximization of the net profit from the sale of “allowable” 
extracted groundwater. The non-linear optimization problem was linearized by the sequential linear 
programming (SLP) algorithm of GWM model [30]. It is based on repeated linearization of the non-linear 
features of the management problem, with the use of the first-order Taylor series and is implemented by 
recalculating the response matrix for each sequential linear program [31, 32, 33].   
3.4. Value of information analysis 
The value of information analysis was applied on every optimum management strategy that the 
optimization model generated. The reason of using it, was that the uncertainty of the optimization results 
(annual net profit of each optimum management strategy) of prior information inserts a certain risk to the 
decision making process. This risk can be quantified through the great discrepancy between the minimum 
and maximum annual profit of the management strategies, as shown in Fig. 3, according to Wagner [34]. 
This discrepancy can also estimate the financial uncertainty, which is generated from the parametric one. 
Value of information analysis is based on the sampling strategy of hydraulic conductivity collection that 
Wagner [34] has proposed. The new value will be taken from the place where the standard deviation of 
the parameter’s stochastic realizations has the maximum value. The three steps Bayesian updating process 
was used according to Freeze et al. [22] targeting to minimization of parametric and financial uncertainty. 
The combination of the two before mentioned methods will increase the optimum management strategies 
reliability. As soon as the new value is collected and the updating is achieved, the value of measurement 
information is calculated. The comparison between the VMI and the cost of collecting the additional data 
from the field, will lead the manager to decide whether a new field measurement is profitable or not. The 
last has been estimated at 37500 euros. The value of information analysis procedure stops when the VMI 
becomes greater than the cost of collecting the additional data, which has been estimated at 37.5*105 
euros. At that point, any further decrease of the parameter uncertainty, and thus of the risk component, 
demands costs that are proved to be higher compared to the expected benefits. 
4. Results and Discussion 
Prior information gave a great discrepancy between the minimum and maximum annual profit of the 
optimum management strategies, equal to 210.417*103 euros (Fig. 3). This reasult leads the manager to 
follow the proposed sampling strategy in order to spend 37.5*103 euros and collect the new hydraulic 
conductivity data. Nevertheless, a check in the preposterior analysis has to be done, in order to estimate 
the VMI of this step. This value is estimated as the mean value of the 100 prior stochastic maps of the 
uncertain parameter and the exact position of the position of the measurement will be defined as the 
location with the maximum standard deviation of the 100 prior stochastic maps. The value of hydraulic 
conductivity, K, is 4.744*10-6 m/s. The Bayesian updating process is then performed leading to 100 
management strategies, generated from the relevant optimization process. The VMI is calculated at 
166.761*103 euros, an amount so much higher than the additional measurement cost (37.5*103 euros), 
that can lead easily to the decision of collecting new sampling data from the field. The real value of K 
from the field is 9.00*10-6 m/s and its location is shown on Fig. 1 with the name Post#1, referring to the 
posterior step of the first sampling campaign. The stochastic simulation and optimization procedures are 
being performed generating the 100 post optimum management strategies. The discrepancy of minimum 
and maximum annual profit of the optimum management strategies is now equal to 135.142*103 euros 
NnsmQn ,......1,/0
3 =≥
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and leads to the second sampling campaign, starting with the estimation of VMI of the preposterior step. 
The theoretical value of the parameter is 4.807*103 euros and with the Bayesian updating the VMI is 
estimated at 96.557*103 euros, which means that it is still profitable to collect the real sampling data from 
the field. The real value of K from the field is now 2.2*10-6 m/s and its location is shown on Fig. 1 with 
the name Post#2, referring to the posterior step of the second sampling campaign.  
A new repetition of the methodology is being performed giving a discrepancy of 64.448*103 euros 
(Fig. 3), that leads to a third sampling campaign. The theoretical value of the parameter of preposterior 
step is 5.936*10-6 m/s and its VMI is 38.422*103 euros. The manager collects the final sampling data of 
the parameter from the field. The real value of the parameter is 3.584*10-6 m/s and its location is shown 
on Fig. 1 with the name Post#3. The whole methodology of the study is repeated once more, taking into 
account the last value of the parameter and giving a discrepancy equal to 23.4*103 euros (Fig. 3).  
 
Fig.3. Annual net profit of each optimum management strategy for the prior the three posterior information of hydraulic 
conductivity.  
This is the step where the value of information analysis has to stop, as the parametric and financial 
uncertainty has been decreased to the maximum profitable level (Fig. 4). The financial uncertainty 
decrease is shown in Fig. 3, along with the decrease of the discrepancy between the minimum and 
maximum annual profit of the optimum management strategies. As far the decrease of the parametric 
uncertainty is concerned, two criteria have been selected and are shown in Fig. 5: i) the decrease of the 
maximum standard deviation of the 100 hydraulic conductivity stochastic maps, with the collection of the 
new data (Fig. 5a) and ii) the decrease of the difference between the theoretical value of K of each 
preposterior step and the real one of each posterior step (Fig. 5b).  
 
 
Fig. 4. VMI of hydraulic conductivity for each Bayesian step of the three sampling campaigns. 
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Fig. 5. (a). Values of max st. deviation and VMI for each sampling campaign; (b). Difference of preposterior and posterior values of 
K for each sampling campaign. 
  
Fig. 6. Stochastic optimization reliability of prior information and of the next three sampling strategies. 
Finally, a reliability test is performed for the stochastic optimization results of prior information and 
the next three sampling campaigns. As it is shown in Fig. 6, the value of information analysis increases 
the reliability of the optimum management strategies, decreasing at the same time the risk in the decision 
making. 
 
5. Conclusions 
A stochastic management tool was developed and applied in order to evaluate the worth of hydraulic 
conductivity data on the optimal restoration and quantitative management scheme of the over-exploited 
aquifer of Lake Karla watershed in Greece. The innovative combination of stochastic optimization and 
value of information analysis in a real case study proved to be both successful and useful, as: i) both the 
parametric and financial uncertainty was decreased; ii) the optimum restoration was finally achieved, as 
the environmental constraints were being retained not against profit and iii) the reliability of optimum 
management strategies was being increased with the addition of the new sampling hydraulic conductivity 
data, decreasing the decision making risk. 
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